We report on measurements of the magnetic penetration depth of polycrystalline samples of nonmagnetic Mo 3 Al 2 C (T c = 9 K) without inversion symmetry. Two previous specific-heat measurements in this compound found different anomalous peaks in the low-temperature limit. One of these peaks was attributed to the superconducting transition at 3 K of the impurity phase Mo 2 C. We argue here that the second anomalous peak may be caused by the superconducting transition of SiC:Al at 1.45 K, another impurity phase possibly present in Mo 3 Al 2 C samples. The temperature-independent behavior of the penetration depth observed below 0.5 K is taken as firm evidence for the presence of a nodeless superconducting gap in Mo 3 Al 2 C. Numerical calculations using the BCS expression for the penetration depth give qualitative support for an isotropic energy gap in Mo 3 Al 2 C. The present results suggest that Mo 3 Al 2 C is a conventional s-wave superconductor, although two-gap or anisotropic-gap superconductivity cannot be ruled out.
I. INTRODUCTION
The discovery of superconductivity in CePt 3 Si 1 triggered the study of pairing symmetry in noncentrosymmetric materials. The absence of inversion symmetry leads to the indistinguishability of the spin-singlet and spin-triplet states and the splitting of the parity-conserving spin degenerate energy bands, for which unusual superconducting properties are expected in these compounds. Until now, however, mostly those noncentrosymmetric superconductors with antiferromagnetic phases and strong correlations among electrons exhibit rare or unconventional behaviors. [2] [3] [4] Mo 3 Al 2 C is a nonmagnetic compound whose superconductivity was discovered in the 1960s. 5 Because of its lack of inversion symmetry, this compound has regained interest and its superconducting properties have recently been revisited. 6, 7 From NMR spin-lattice relaxation-rate and specific-heat studies, it was concluded that the superconducting energy gap of Mo 3 Al 2 C may have nodes. 6 This was a striking finding, since only Li 2 Pt 3 B 8 and LaNiC 2 9,10 without magnetic or electronic correlations display unconventional behaviors. In the specific-heat data an anomaly of unknown origin around 1 K was also observed. 6 Other recent specific-heat data in Mo 3 Al 2 C showed a power-law temperature behavior above 2 K and an almost-exponential decay just below 2 K. 7 The former behavior was suggested to be due to a rapid opening of the gap below the transition, whereas the latter was interpreted in terms of an isotropic energy gap.
To gain further insight into the pairing symmetry of Mo 3 Al 2 C, we study the true low-temperature region by performing magnetic-penetration-depth measurements in polycrystalline samples down to 40 mK.
II. EXPERIMENTAL DETAILS
Details of the sample growth are given in Ref. 6 . To check for impurity phases in the samples, we obtained energy-dispersive x-ray (EDX) spectra and backscattered electron images with an electron probe microanalyzer (JEOL Superprobe 8900R). An image of a typical zone in a Mo 3 Al 2 C sample is shown in Fig. 1 . Two secondary phases are observed, one rich in Mo and C, presumably corresponding to Mo 2 C, and another rich in Mo, C, Al, and Si. The percentage of the impurity phases in the samples could be as large as 15-20%. Our samples showed superconducting transition onsets around 9 K.
Penetration-depth measurements were conducted at two laboratories (IVIC, Caracas, and Ames, Iowa) using samples from the same batch. Experiments at IVIC were carried out in a dilution refrigerator (T min ≈ 0.04 K) and at Ames in a 3 He fridge (T min ≈ 0.5 K) with a 9-T magnet. Measurements were performed utilizing 10-to 15-MHz tunnel diode oscillators. 11 The magnitude of the ac probing field was estimated to be less than 5 mOe. Thus, the field felt by the sample was about 4 orders of magnitude lower than H c1 (0) = 47 Oe, 7 and the possibility of vortex contributions to the measured λ(T ) is negligible. The deviation of the penetration depth from the lowest measured temperature, λ(T ) = λ(T ) − λ(T min ), was obtained up to T ∼ 0.99T c from the change in the measured resonance frequency f (T ): f (T ) = G λ(T ). Here G is a constant factor that depends on the sample and coil geometries and that includes the demagnetizing factor of the sample. To within this calibration factor, λ(T ) is raw data. We estimated G by measuring a sample of known behavior and of the same dimensions as the test sample 12 and by physically pulling the sample out of the coil at the lowest temperature. 13 Both ways were consistent. Figure 2 shows the deviation of the penetration depth as a function of temperature. An extra diamagnetic drop is clearly visible around 3 K and is shown in more detail in inset (a). The EDX analysis discussed above indicates that our samples have zones rich in Mo and C. Thus, we associate this drop with the specific-heat anomaly detected at 3 K, which was assigned to the superconducting transition of the impurity phase Mo 2 C. 7 By zooming in on the data below 2.2 K [inset (b)], another diamagnetic drop is found around 1.45 K. This dip coincides with an anomaly observed in other specific-heat data. 6 Our measurements under a dc magnetic field (see Fig. 3 ) indicate that both the 3 K and the 1.45 K transitions are superconducting in nature, as they are suppressed in relatively weak fields. We are thus strongly tempted to identify the zones rich in C, Al, and Si noted in Fig. 1 as SiC:Al, whose superconducting transition occurs exactly at 1.45 K. 14 We note, though, that the estimated H c2 (0) that corresponds to the second drop is significatively larger than the 370 Oe reported for a sintered 3C-SiC:Al sample. 14 We are not aware of any reported criticalfield value for Mo 2 C.
III. RESULTS AND DISCUSSION
In order to determine gap structures from penetration-depth measurements, one needs to be below about T c /3. For the present case, this means that we needed to resolve temperatures well below 0.5 K (1/3 of 1.45 K). By doing so we found a temperature-independent behavior of the penetration depth of our samples below about 0.5 K. This unequivocally indicates that all three phases, the host Mo 3 Al 2 C and the impurities Mo 2 C and SiC:Al, have nodeless superconducting energy gaps. The low-temperature limit of λ(T ) seems to indicate that Mo 3 Al 2 C has an isotropic energy gap and is, most likely, a conventional s-wave superconductor. This conclusion is supported by numerical simulations discussed below, which show a very good qualitative description of the experimental data assuming that the energy gap of each of the superconducting phases (Mo 3 Al 2 C, Mo 2 C, and SiC:Al) is isotropic. The results in Ref. 6 suggest a point-node gap, whereas those in Ref. 7 give some indications of an isotropic gap in Mo 3 Al 2 C. On the other hand, in the extreme low-temperature limit (with temperatures as low as 0.04 K our study covers this limit for Mo 3 Al 2 C), two-gap and anisotropic-nodeless-gap behaviors also display temperature-independent responses, and therefore, these two behaviors cannot be ruled out in Mo 3 Al 2 C at the moment . We believe that pure single-crystalline samples are required to definitely observe the superconducting response of Mo 3 Al 2 C.
To analyze the data further, we performed numerical evaluations of the magnetic penetration depth (superfluid density ρ) in the local approximation (κ ≈ 76 in Mo 3 Al 2 C):
Here · · · represents an angular average over the Fermi surface and f is the Fermi function.k = k/k F , with k F the Fermi momentum. The total energy
where ξ is the single-particle energy measured from the Fermi surface and (T ,k) = (T ) (k). We considered spherical Fermi surfaces (reports on the band structure of Mo 3 Al 2 C did not refer to the geometry of the Fermi surfaces) 6, 7 and used the standard gap interpolation formula (T ) = (0) tanh((πT c / (0)) √ a(T c /T − 1)). 15 The total penetration depth λ(T ) was obtained from [λ 2 (0)/λ 2 (T )] = α 1 ρ 1 + α 2 ρ 2 + α 3 ρ 3 , where α l ( α l = 1) controls the contribution to the superfluid density ρ of each superconducting phase l. In all calculations we adjusted (0)/k B T c to describe the experimental response as closely as possible and used the zerotemperature penetration depth of Mo 3 Al 2 C [λ(0) = 3800Å]. We remark that the analysis is qualitative and that there was no intention of obtaining correct values for the zero-energy gaps or other parameters. We believe that, in practice, the true values are masked by the impure environment and scattering in the phases.
We evaluated three models, all having isotropic energy gaps for the phases representing Mo 2 C and SiC:Al. The phase standing for Mo 3 Al 2 C has an isotropic gap in model 1, a point-node (axial) gap in model 2, and a line-node (polar) gap in model 3. Figure 4 The striking agreement between model 1 and experiment supports the conclusion that the energy gap of Mo 3 Al 2 C is isotropic and that this compound is a conventional s-wave superconductor.
In the numerical analysis we employed a spin-singlet isotropic s-wave pairing model. However, because of the lack of inversion symmetry, the superconducting pairing of Mo 3 Al 2 C is expected to be a mixture of spin-singlet and spintriplet states. 16 Our results suggest that the triplet component may be insignificant in Mo 3 Al 2 C, as in the majority of noncentrosymmetric superconductors without strong correlations or magnetic phases, 4 with the exceptions of Li 2 Pt 3 B 8 and LaNiC 2 .
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Our results also clarify the previous findings in Mo 3 Al 2 C. The anomaly observed around 1 K in the specific-heat data 6 corresponds to the superconducting transition of the impurity phase SiC:Al, and not to the opening of a second gap. It is now clear that the power-law temperature behavior above 2 K and the exponential decay below 2 K found in specific-heat data 7 are both due to the presence of the superconducting transition of Mo 2 C around 3 K. The results in Mo 3 Al 2 C are not related to unconventional behaviors 6 or to the rapid opening of the gap below the transition. 
IV. CONCLUSIONS
In summary, we performed magnetic penetration depth measurements in polycrystalline samples of Mo 3 Al 2 C down to 40 mK (∼0.004T c ) and under a magnetic field. We found indications of the presence of two impurity superconducting phases, SiC:Al and Mo 2 C, that covered the overall temperature response of the penetration depth of Mo 3 Al 2 C. However, because of the very low temperatures of our measurements, we were able to find evidence for a nodeless energy gap in Mo 3 Al 2 C and establish the conventional character of the superconductivity in this compound.
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